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Summary
Objective: To study the effect of new interactive computer input devices on cartilage segmentation in terms of time, consistency between input
devices, and precision in quantitative magnetic resonance imaging (qMRI).
Design: We compared two new input devices, an interactive digitizing tablet and an interactive touch-sensitive screen, to a traditional mouse.
Medial tibial and patellar cartilage of six healthy and six osteoarthritic knees were segmented using each input device. Cartilage volume,
surface area and mean thickness were assessed using a validated algorithm and used to determine consistency and precision. Segmentation
time was also measured.
Results: Segmenting with an interactive touch-sensitive screen reduced segmentation time by 15% when compared to the traditional mouse
but we found no signiﬁcant difference in segmentation time between the interactive digitizing tablet and the traditional mouse. We found no
difference in consistency or precision of cartilage volume, mean thickness or surface area between the three input devices tested.
Conclusions: We conclude that measurements of cartilage made using articular cartilage segmentation from MR images are independent of
the input device chosen for user interaction.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Quantitative magnetic resonance imaging (qMRI) has
become a powerful tool in cartilage and osteoarthritis (OA)
research1e8. In qMRI, cartilage regions are visually identi-
ﬁed in each MR slice and extracted using a segmentation
input device. Key morphological parameters such as
volume, surface area, thickness, and denuded region size
can then be assessed.
One limitation of qMRI is that substantial time is required
to perform the segmentation procedure. The most com-
prehensive studies to date into the progression of cartilage
loss have been performed using fully manual segmen-
tation techniques9e11 because results obtained using
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validated as of yet. Various algorithms have been de-
veloped to support the user in the segmentation of cartilage
from MR images (Table I). However, these still require user
interaction and veriﬁcation in a slice-by-slice fashion12e24.
No fully automated algorithms for cartilage segmentation
have been reported to date.
A number of input devices, such as the traditional mouse,
drawing tablets, and interactive touch-sensitive screens,
are now available and provide choice in how a user
interacts with the computer. The latter two input devices
have not been explored in the context of qMRI but have the
potential to speed up the interactive segmentation of MR
images as well as the learning curve when training new
users. These input devices may also potentially improve the
precision (reproducibility) of qMRI, particularly in the context
of consistency of segmentation results over moderate to
long time periods25. In order to be able to use new input
devices for cartilage segmentation the possibility that
systematic biases may exist must be explored. As all
previous validation studies have used a traditional mouse
for cartilage segmentation a comparison between the new
devices and the traditional mouse must be carried out.8
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using interactive input devices (tablet or interactive touch-
sensitive screen) for cartilage segmentation speeds up the
process of articular cartilage segmentation from MR images
and improves the reproducibility of qMRI results.
Materials and methods
In this study, we compared cartilage segmentation time,
precision (reproducibility) and measurement consistency for
three input devices (mouse, digitizing tablet, and touch-
sensitive screen). The comparison was made by following
the progress of an individual being trained to segment
cartilage in order to avoid user bias towards one input
device. Two new interactive computer input devices were
compared to a traditional mouse (Optical Mouse, Logitech,
Fremont, CA). The ﬁrst device was an interactive digitizing
tablet (Graphire3, Wacom, Krefeld, Germany), which con-
sists of a 4! 5 inch active region within which the user
writes with an electronic pen. Each point in the active region
corresponds to a point on the screen in a scaled down
manner. The tablet enables the user to navigate the cursor
throughout the workspace by drawing and clicking within
the active region. The second device was an interactive
touch-sensitive screen with a 1280! 1024 pixel matrix
(Cintiq 18SX, Wacom, Krefeld, Germany). The user seg-
ments directly on this screen using an electronic pen similar
to the one used with the digitizing tablet. The screen can be
angled from an upright to a horizontal position to suit the
user’s preference.
We used each of the three devices to process MR images
of the knee from 12 subjects using a qMRI technique26. Six
of the images were from six individuals with no history of
knee symptoms and signs (3 females, 3 males, mean age
23.3G 2.1 years) and six of the images were from six
Table I
Summary of MRI based cartilage segmentation methods and
algorithms
Authors Method Validation by
Peterfy et al.12 Region growing Water displacement
of s.r.t.12
Piplani et al.13 Region growing Water displacement
of s.r.t.13
Eckstein et al.14,34 Region growing CT arthrography14,34
Solloway et al.16 Active shape
models
Manual segmentation16
Kshirsagar et al.17 Edge detection e
Cicuttini et al.18,39 Manual
segmentation
Water displacement
of s.r.t.
Cohen et al.19 Fitting B-splines
to manually
segmented points
Stereophotogrammetry19
Stammberger
et al.33
B-spline snake
(active contours)
image and model
forces
CT arthrography15
Water displacement
of s.r.t.28
Ghosh et al.21 Immersion based
watershed
segmentation
e
Steines et al.22 Live wire algorithm e
Lynch et al.23 Active contours e
Kauffmann et al.24 Active contours Synthetic 3D
MR images24
s.r.t.ZSurgically retrieved tissue.individuals with severe knee OA (6 females, mean age
66.8G 7.2 years). Two sets of images were acquired in
each subject, one in the axial plane and one in the coronal
plane26e30. Images were acquired using a T1-weighted fast
low angle shot (FLASH) 3D gradient echo sequence with
water excitation, which has been previously validated in
terms of technical accuracy26,28 and reproducibility upon
repositioning25e27,31. For the individuals with no history of
knee problems a 1.5 T Siemens Magnetom Vision scanner
was used and the MRI parameters were as follows:
repetition time (TR)Z 17.2 ms, echo time (TE)Z 6.6 ms,
and ﬂip angle (FA)Z 25(. For the individuals with knee OA
a 1.5 T Siemens Symphony Quantum scanner was used
and the MRI parameters were as follows: TRZ 19 ms,
TEZ 8.6 ms, and FAZ 20(. For all images the in plane
resolution was 0.31! 0.31 mm, the section thickness was
1.5 mm, the pixel matrix was 512! 512, and the ﬁeld of
view was 16 cm.
An investigator with no previous experience in cartilage
segmentation received preliminary training with the pro-
prietary software created speciﬁcally for cartilage segmen-
tation32 and an introduction to established, validated
protocols prior to performing the cartilage segmentation
with all three devices. The investigator (EJM) was allowed 1
week to become familiar with the input devices. In contrast
to previous studies, which apply semi-automated tech-
niques33, segmentation was performed using a fully man-
ual technique in this study. For each acquired dataset from
the normal subjects, the cartilage from the patella was
segmented three times (once with each input device) within
one sitting. To avoid bias associated with user training or
fatigue, the order in which the input devices were used
within the sitting differed for each dataset (Table II). All six
possible orders were used. To limit bias associated with
familiarization with the dataset, the user thoroughly studied
each dataset before beginning the session. Once all six
datasets had been segmented (session 1), segmentation
was repeated (session 2) according to the schedule found
in Table II, which dictated a 5-day interval between
datasets. The entire process was then repeated for the
six normal medial tibiae (coronal images), the six OA
patellae (axial images), and the six OA medial tibiae
(coronal images). The patellar and medial tibial cartilage
plates were selected to represent the segmentation of
cartilage in the axial and coronal views, respectively. Due to
the labour intensive nature of manual cartilage segmenta-
tion it did not seem practical to segment more than one
cartilage plate in each plane.
Once the segmentation was complete, quantitative
descriptions of cartilage were obtained using established
techniques. Cartilage volume was calculated by numerically
integrating all segmented voxels12,34. Mean cartilage thick-
ness calculations were made using a three-dimensional
Table II
Investigator schedule for cartilage segmentation. aZ interactive
digitizing tablet, bZ interactive touch-sensitive screen, cZ tradi-
tional mouse. Session 1 was completed in its entirety before
session 2 commenced
Dataset Session 1 5 days Session 2
1 abc / abc
2 bca / bca
3 cab / cab
4 acb / acb
5 cba / cba
6 bac / bac
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calculations made using a triangulation technique32,35.
We compared the input devices using the following three
parameters: (1) time required for segmentation, (2) consis-
tency between devices for volume, mean thickness and
surface area results, and (3) precision (reproducibility) of
the analysis of cartilage morphology.
The time spent to segment each cartilage plate (i.e.,
patella or medial tibia) for each subject (nZ 12) was
recorded for each device in each session. The mean and
standard deviation of the segmentation time were calcu-
lated for each input device. Only the times recorded for
session 2 were used in the analysis of time because
session 1 was considered an orientation session. We tested
the null hypothesis that there was no signiﬁcant difference
in segmentation time between devices with a Wilcoxon
Signed Rank Test.
We compared volume, surface area and mean thickness
calculations (mean of sessions 1 and 2) made after
segmenting for all three input devices. We tested the null
hypothesis that there were no signiﬁcant differences be-
tween input devices for measured volume, surface area and
mean thickness with a Wilcoxon Signed Rank Test.
The precision of each input device was determined by
calculating the root mean square (RMS) of the coefﬁcient of
variation expressed as a percentage (CV%) and RMS
standard deviation36 (nZ 6) of cartilage volume, surface
area, and mean thickness between the two sessions. We
tested the null hypothesis that there were no signiﬁcant
differences in precision errors between the input devices
with a Wilcoxon Signed Rank Test.
Results
Segmentation using the interactive touch-sensitive
screen was on the order of 15% faster than segmentation
using the optical mouse for three of the four cartilage plates
(Table III). Use of the tablet involved tended to increase
segmentation time when compared to the mouse, although
the increase was not statistically signiﬁcant (Table III).
We found no systematic differences in cartilage volume,
surface area, or mean cartilage thickness between the dif-
ferent segmentation input devices (Table IV).
We found no signiﬁcant difference in the precision
(reproducibility) of the results for the different input devices
(Table V). Resegmentation precision errors for volume
ranged from 1.9% to 3.7% in normal cartilage for the
mouse, from 3.8% to 5.2% for the tablet, and from 3.6% to
4.3% for the screen. In the OA cartilage surfaces, reseg-
mentation precision errors for volume ranged from 4.7% to
5.2% for the mouse, from 4.7% to 5.0% for the tablet, and
Table III
Mean and standard deviation of time for each segmentation input
device (interactive digitizing tablet, interactive touch-sensitive
screen and traditional mouse) for the normal patella, normal tibia,
OA patella and OA tibia for session 2 only. The total time spent
using each input device in session 2 is also shown. * identifies
statistically significant differences as compared to the mouse
Tablet (min) Screen (min) Mouse (min)
Normal patella 75G 6 60G 9* 71G 9
Normal tibia 69G 10 60G 6 64G 8
OA patella 75G 14 57G 7* 71G 8
OA tibia 78G 12 60G 8* 74G 8
Total time 1784 1421 16803.9% to 5.6% for the screen. Similar precision errors were
obtained for surface area and mean cartilage thickness
(Table V).
Discussion
This study was designed to determine whether new
interactive computer technology improves speed and
resegmentation precision (reproducibility) of qMRI. These
input devices had not previously been evaluated in the
context of cartilage segmentation. Segmenting using the
interactive touch-sensitive screen reduced manual seg-
mentation times by approximately 15%. All input devices
produced consistent results (no systematic bias) and similar
precision errors.
We performed assessments with a user who had no prior
segmentation experience to minimize bias associated with
training and preference. A user who had already been
trained with one of the input devices (e.g., traditional mouse)
might have established a certain preference and manual
skill already. The data show that time savings were
achieved at both the beginning of the study, when the user
was relatively inexperienced, and towards the end of the
study, when the user had become more experienced. This
suggests that the time savings that we have observed might
also be realized for the ‘‘experienced’’ user, if a sufﬁcient
period of familiarization with each input device has taken
place. Because the user was inexperienced, it was
especially important to minimize training bias that might be
reﬂected if a consistent order of input devices was used. We
randomized the order of input devices to minimize the effect
of familiarization with a particular dataset, which tends to
increase the pace of segmentation as the sitting proceeds.
The effect of combining interactive input devices with
interactive computer algorithms is a logical next step for
future work. In view of the high number of potential disease/
structure modifying OA drugs (D/SMOADs) to be explored
over the next years37 there will be increased demands on
quantitative cartilage analyses from MR images. These
studies will likely require segmentation of a few thousand
datasets, making savings in segmentation time very valu-
able. Although the time savings seen in this study by using
Table IV
Systematic differences and standard deviation in cartilage volume,
surface area, and mean thickness for the digitizing tablet vs the
mouse, the touch-sensitive screen vs the mouse and the digitizing
tablet vs the touch-sensitive screen
Tablet vs
mouse
Screen vs
mouse
Tablet vs
screen
Volume
Normal patella 0.5%G 2.2 0.8%G 2.2 0.3%G 0.6
Normal tibia 0.6%G 3.0 0.4%G 3.1 0.2%G 2.7
OA patella 2.4%G 1.9 1.8%G 3.9 0.4%G 4.8
OA tibia 1.0%G 2.0 0.7%G 3.2 0.3%G 3.1
Surface area
Normal patella 0.1%G 1.3 0.7%G 1.9 0.8%G 1.3
Normal tibia 0.5%G 1.4 0.1%G 1.0 0.5%G 0.6
OA patella 0.3%G 0.8 0.2%G 1.3 0.6%G 1.8
OA tibia 0.8%G 1.5 0.4%G 1.5 1.1%G 2.4
Mean thickness
Normal patella 0.2%G 1.9 0.5%G 1.8 0.6%G 0.7
Normal tibia 1.2%G 3.6 1.6%G 3.6 0.3%G 4.1
OA patella 1.8%G 2.5 1.6%G 4.1 0.0%G 5.3
OA tibia 2.6%G 1.4 1.0%G 4.7 1.7%G 4.3
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Precision (reproducibility) expressed as CV% and mean and standard deviation (meanG standard deviation) in cartilage volume, surface
area, and mean thickness for each segmentation input device (digitizing tablet, touch-sensitive screen and traditional mouse)
Tablet Screen Mouse
Volume (mm3)
Normal patella 3.8% (3688.5G 138.8) 3.6% (3677.5G 132.2) 3.7% (3704.4G 131.5)
Normal tibia 5.2% (2005.9G 109.8) 4.3% (1998.6G 102.9) 1.9% (1990.1G 31.1)
OA patella 4.7% (1847.2G 95.1) 3.9% (1864.5G 75.6) 5.2% (1894.8G 99.9)
OA tibia 5.0% (1824.7G 83.6) 5.6% (1821.8G 82.1) 4.7% (1805.7G 66.4)
Surface area (cm2)
Normal patella 2.7% (14.36G 0.39) 1.8% (14.24G 0.27) 2.0% (14.34G 0.28)
Normal tibia 2.0% (11.84G 0.23) 1.8% (11.77G 0.24) 1.4% (11.77G 0.15)
OA patella 2.7% (11.23G 0.32) 2.0% (11.16G 0.24) 2.2% (11.19G 0.24)
OA tibia 2.1% (10.63G 0.24) 2.6% (10.75G 0.26) 2.0% (10.71G 0.19)
Mean thickness (mm)
Normal patella 2.2% (2.66G 0.06) 3.2% (2.68G 0.09) 2.8% (2.66G 0.08)
Normal tibia 5.0% (1.47G 0.07) 4.4% (1.47G 0.07) 1.9% (1.45G 0.03)
OA patella 4.6% (1.35G 0.07) 5.3% (1.36G 0.07) 6.1% (1.38G 0.09)
OA tibia 5.9% (1.16G 0.06) 5.6% (1.14G 0.05) 5.3% (1.13G 0.05)an interactive touch-sensitive screen were signiﬁcant, they
were only in the range of 15%, which would however
translate into a few hundred hours in the larger studies. This
is in the same range as savings in segmentation time
reported for interactive computer algorithms33. Therefore,
future studies will have to show to what extent segmenta-
tion times can be further reduced by combining interactive
segmentation input devices with interactive computer
algorithms (Table I).
An important ﬁnding of this study is that measurements of
cartilage were consistent for the different input devices. This
suggests that using different input devices within one study
(due to the preferences of different users, to reduce fatigue
of the user by changing position, to increase user comfort)
will not produce a systematic bias in the results. The
consistency between segmentation input devices suggests
that qMRI results depend on how the user views the image
and deﬁnes the cartilage volume, and that this process is not
inﬂuenced substantially by a particular input device for
segmentation. The differences seen between input devices
are small enough to not adversely affect study results. We
feel that this ﬁnding is of particular importance, as it may also
apply to the extraction of quantitative outcome parameters
from other image modalities and on other tissues, such as
tumour volume or the size of Alzheimer lesions38.
It is difﬁcult to compare our ﬁndings of resegmentation
precision to others reported in the literature due to
methodological differences. We chose a 5-day interval
between resegmentation of each dataset to determine the
resegmentation precision25 for each input device, to ensure
that the investigator did not recall minute speciﬁc features of
a particular dataset. Segmentation of other datasets was
also occurring during the 5-day time interval. The precision
errors reported here cannot be compared with the majority
of those reported in the literature, as those have generally
referred to short-term resegmentation (within one segmen-
tation sitting) of datasets that have been repositioned
between acquisitions. Only one previous study has reported
precision errors for resegmentation of the same dataset at
different points in time25, and the reported precision errors
(resegmentation conditions) are similar to those in this
study. It should be noted that our precision errors are based
on segmentation by a relatively inexperienced user (partic-
ularly at the beginning of the study) whereas most reports in
the literature have been based on precision errors of highly
trained personnel.One limitation of this study is that there is insufﬁcient
statistical power to show systematic differences between
input devices and differences in precision for each input
device. To our knowledge, no study has measured the
differences in cartilage segmentation using an interactive
digitizing tablet or touch-sensitive screen, therefore effect
sizes are not known. To power this study sufﬁciently we
would require many more subjects in each group. While
a study of larger size may ﬁnd statistically signiﬁcant
differences, the time and effort involved would not be
worthwhile because the differences themselves would be of
small magnitude that is not clinically relevant.
We conclude that using different input devices will not
signiﬁcantly affect the measurements made in qMRI
studies, which is most likely because results depend on
how the user views and deﬁnes the morphological structure
of interest. Using an interactive touch-screen device
reduces segmentation time by about 15%.
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